Potassium and rubidium oxoruthenates, A 2 RuO 4 , were synthesized from the alkali peroxides/hyperoxides and ruthenium dioxide. Both compounds crystallize in the orthorhombic space group Pnma (no. 62), (K 2 RuO 4 : a = 7.673(2), b = 6.153(2) and c = 10.564(3)Å, Z = 4, 796 unique reflections, R = 3.5%; Rb 2 RuO 4 : a = 8.106(2), b = 6.270(1) and c = 11.039(2)Å, Z = 4, 889 unique reflections, R = 3.6%). The crystal structures, as determined from single crystal data, are of the β -K 2 SO 4 type. Magnetic measurements reveal that both compounds are paramagnetic down to temperatures of around 60 K and further exhibit antiferromagnetic transitions, at around T N = 9 K for Rb 2 RuO 4 , and two transitions with T N = 14 K and 4 K for K 2 RuO 4 . The magnetic moments as determined applying Curie-Weiss law for both compounds are 2.68 µ B , thus confirming the oxidation state +6 of ruthenium.
Introduction
Ruthenates crystallize in a rich variety of structure types ranging from pyrochlores and hollandites to perovskite type phases, and exhibiting interesting magnetic and electronic properties. However, only a few alkali oxoruthenates of the type A 2 RuO 4 (where A = alkali metal) were explored up to now. More than a decade ago we reported the crystal structure of Cs 2 RuO 4 [1] , and last year, including us, two groups reported the crystal structure and magnetic properties of Na 2 RuO 4 [2, 3] . Recently, many compounds of ruthenium have been studied which exhibit interesting electronic properties, especially due to the unusual behaviour of electrons in these ruthenium based oxides in which the local magnetic moment character for ruthenium is lost due to the hybridization of the Ru 4d and O 2p states [4] . Na 2 RuO 4 displays antiferromagnetic behaviour at around 35 K with the ruthenium atom five-fold coordinated by oxygen atoms forming ladders of trigonal bipyramids [3] . K 2 RuO 4 and Rb 2 RuO 4 , however, are similar to Cs 2 RuO 4 , containing isolated RuO 4 tetrahedra and crystallising in the β -K 2 SO 4 type of structure [5] . Here we report on 0932-0776 / 05 / 1100-1113 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com the syntheses, crystal structure and magnetic properties of K 2 RuO 4 and Rb 2 RuO 4 .
Experimental Section
Syntheses K 2 RuO 4 was synthesised from potassium peroxide and ruthenium dioxide in the molar ratio 2 : 1 at 780 • C in a platinum crucible kept in a quartz ampoule for 45 days, and also by heating the mixture at 720 • C in a silver container sealed in a quartz ampoule for 46 days. Rb 2 RuO 4 was synthesised from RbO 1.6 and ruthenium dioxide in the molar ratio 2.1 : 1 at 650 • C (platinum crucible, sealed in supremax glass ampoule) for 62 days. The crystals obtained are dark green and blackish in colour. Both compounds are hygroscopic [5] . Single crystals suitable for X-ray diffraction studies were selected in dry paraffin oil and sealed into glass capillaries.
The polycrystalline samples on which the magnetic measurements were carried out were synthesised under similar conditions from KO 2 and RuO 2 in the molar ratio 2 : 1 for K 2 RuO 4 and from RbO 2 and RuO 2 in the molar ratio 2 : 1 for Rb 2 RuO 4 . These mixtures were placed in gold ampoules which were flame sealed at one end and mechanically closed at the other. The reactions were carried out under an oxygen flow at 625 • C for 2 days and subsequent cooling to room temperature at a rate of 20 • C per hour. On addition of water or dilute hydrochloric acid, a reaction of the oxoruthenates(VI) takes place, yielding an orange colour in water and a red colour in hydrochloric acid. No further investigation of these products was carried out.
X-ray diffraction
Single crystal data were collected on a four circle Siemens AED 2 diffractometer (Mo-K α radiation). Further information concerning the data collection and processing, the crystallographic parameters, as well as details on the structure solution and refinement are given in RuO 4 , and the name of the author(s), and citation of the paper.
terns were refined on the Guinier-Simon data with Cu-K α1 radiation. Quartz was used as an internal standard.
Magnetic measurements
The magnetisation was recorded using a SQUIDmagnetometer (Quantum Design MPMS; 5 -330 K, magnetic fields up to 5 T; sample size: 38 mg of K 2 RuO 4 and 46 mg of Rb 2 RuO 4 sealed in quartz ampoules under helium). The susceptibility data were corrected for the core diamagnetic contributions.
Results and Discussion
Rb 2 RuO 4 and K 2 RuO 4 crystallize in the β -K 2 SO 4 structure [5] . According to single crystal structure analyses [6] , in the case of Rb 2 RuO 4 the Ru atom is tetrahedrally coordinated by oxygen atoms with Ru-O distances ranging from 1.737 to 1.773Å. The coordination number of Rb2 is nine and that of Rb1 is ten (10 + 1), the eleventh ligand is at a very long dis- tance of 3.961Å, see Fig. 1 . The atomic positions for both compounds are listed in Table 2 . It can be seen from Tables 3 and 4 that for Rb 2 RuO 4 one displacement parameter of the oxygen atom (O2) is somewhat large and that in the case of K 2 RuO 4 the displacement parameters of the oxygen atoms have increased further. This can be understood by the arrangement of the ruthenium tetrahedra and the alkali metal cations, which is unfavourable with decreasing size of the alkali metal. The solutions in the acentric space group Pn2 1 a, do not result in better refinement factors. Selected interatomic distances for both compounds are given in Table 5 . The tetrahedral coordination for ruthenium is lost already in the case of Na 2 RuO 4 [3] , in which the ruthenium atom adopts five-fold coordination with oxygen atoms forming ladders of trigonal bipyramids Figs 2 and 3 , respectively, in an applied field of 5000 Oe. The inverse magnetic susceptibilities obey the Curie-Weiss Law down to about T = 60 K. Fitting the Curie and Weiss constants the values obtained are C = 0.9 emu·K/mol for both compounds, and θ around −19 K for Rb 2 RuO 4 and −30 K for K 2 RuO 4 . Effective magnetic moments are µ eff = 2.68 µ B for both compounds, which is 95% of µ SO = 2.83 µ B , the ideal moment for the spin-only d 2 (S = 1) configuration, thus confirming the oxidation state +6 for ruthenium. Below 60 K, the inverse susceptibility curves diverge remarkably from the linear behaviour indicating the presence of antiferromagnetic interactions in both compounds, with T N = 9 K for Rb 2 RuO 4 and with T N = 14 K and 4 K (2 transitions) for K 2 RuO 4 . This can be correlated with the distances between the ruthenium tetrahedra, which are closer for K 2 RuO 4 than for Rb 2 RuO 4 giving rise to more pronounced interactions. Also, it can further be related to the case of Na 2 RuO 4 (T N = 35 K), in which the tetrahedral coordination of the ruthenium atom is lost and converted into trigonal bipyramids linked via oxygen atoms. To evaluate this whole phenomenon in detail we need to carry out further neutron diffraction experiments.
Finally, it would be interesting to know the magnetic properties of Cs 2 RuO 4 and CsK 5 [RuO 4 ][RuO 5 ], and also the crystal structure and magnetism of Li 2 RuO 4 with the largest and smallest alkali cation, respectively, in order to have a complete overview over the family of these compounds.
